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This paper discusses f i v e  important  ob jec t i ves  f o r  any imaging 
experiment on a ' t u r e  as te ro id  mission, based on our  cu r ren t  
pre jud ices o f  whac as tero ids  are  l i k e .  These pre jud ices are  
based on ex t rapo la t i ons  from o t t e r  bodies whose surfaces have 
been s tud ied a t  c lose  range by spacecraf t  (most notab ly  the 
Moon, and the  two s a t e l l i t e s  o f  Mars) and on numerous i n d i r e c t  
inferences.  Imaging provides the most d i r e c t  means o f  v e r i f y -  
i n g  whether ac tua l  as tero ids  :onform t o  our cu r ren t  view of  
what they ought t o  be l i k e .  
INTRODUCTION 
This paper out1 i nes f i v e  major imaging ob jec t i ves  o f  any ser ious as te ro id  mission. 
1. Determination o f  volume, mass and mean dens i ty  
2. Search f o r  surface inhomogenei t i e s  
3. Character iza t ion  o f  as te ro id  regc l  i ths 
4. Comparative study o f  c r a t e r i n g  mechanics 
5. Character iza t ion  o f  non-crater surface morphology on ob jec ts  o f  
d i f f e r e n t  composit ional iypes. 
O f  these major ob jec t ives ,  t he  f i r s t  two are  o f  fundamental and c r u c i a l  importance t o  our 
understanding o f  the  nature o f  evo lu t i on  o f  as tero ids .  The f i r s t  i s  proper ly  an imaging 
ob jec t ive ,  s ince t o  determine an accurate mean dens i ty  one needs no t  on ly  the mas,, b u t  
an accurate volume. 
DETERMINATION OF MASS, VOLUME AND MEAN DENjITY 
Probabl:~ the most important  task o f  any as te ro id  mission i s  t o  determine the o b j e c t ' s  
mass and volume. I f  both determinat ions are  made accurately,  t o  w i t h i n  ?lo%, a u s e f ~ l  
merq dens i ty  p c3n be obtained. The obvious impgrtance o f  5 i s  t h a t  i t  t e l l s  us about 
the i n t e r i o r  composit ion o f  the  as te ro id  and appears t o  be the most d i r e c t  means of  reno te l y  
determinina anything about as te ro id  i n t e r i o r s .  
The V ik ing  experience w i t h  Phobos and Deimos (Tolsotl e t  aZ., 1978) as w e l l  as s tbd ies  
nude by the ;ornet Ha l ley  Science Working Group (Belton, 1977) prove t h a t  i t  i s  feas ib le  t o  
ob ta in  accurate masses and accurate volumes, even f o r  very small bodies ( rad ius  11 km). 
I n  t h e  as te ro id  contex t  i t  w i l l  be essent ia l  t o  image the a s t e r o i d  a t  h igh  r e s o l u t i o n  long 
enough on e i t h e r  s ide  o f  1,. -. a n t e r  t o  be ab le  t o  determine i t s  shape artd dimensions accu- 
r a t e l y .  (As t y p i c a l  aster :.,I r o t a t i o n  per iods are  6-8 hours, t he  above r e q ~ i r e m e n t  should 
b ?  easy t o  meet. ) High reso lu t i on  images w i l l  a l so  be useful dur ing a f l y b y  f o r  determin- 
i n g  the  d is tance o f  c loses t  approach which i s  needed i n  order  t o  determine the mass. Of  
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course, t h e  d is tance of c loses t  approach can be determined even more accura te ly  g iven an 
on-board radar. I . :  I 1 , . I. , 
Given an accurate value of  p,  one has obtained some in format ion on the poss ib le  bu lk  j : 
composit ion o f  t he  as tero id .  As shown i n  Table 1, knowledge o f  5 t o  t20Yx o r  b e t t e r  i s  , , 
very usefu l  f o r  d i s t i n g u i s h i n g  d i f f e rences  i n  bu l k  compositions. Some o f  the  important  b 
questions t h a t  can be answered once p i s  known are: I:, 
1. How representutive arc asteroid surfaces of the interiors? 
Surface compositions can be i n f e r r e d  from remote sensing; mean 
compositions from F. What classes o f  as tero ids  h w e  surfaces 
representa t ive  o f  the  i n t e r i o r s ?  What c lasses o f  as tero ids  
have d i f f e r e n t i a t e d  i n t e r i o r s ?  For a g iven c lass  t h i s  might  be 
a func t i on  o f  as te ro id  s i z e  ( rad ius) .  What i s  the  c r i t i c a l  
rad'us? 
2. Are there Large metaZlic cows among thc asteroids.? Chapman 
(1974) suggested t h a t  c e r t 3 i n  l a rge  as tero ids  were s t r ipped-  
down metal 1 i c  cores of 1 arger parent-bodies. Such bodies 
should have h igh  mean dens i t i es .  Knowing w i t h  c e r t a i n t y  t h a t  
100-200 km ~ w t a l l i c  core5 d i d  form i n  the as te ro id  be1 t would 
be important  in format ion.  
3. Are there smlt ,  low density objects i n  the asteroid  be l t ?  
I f  soldie small as tero ids  (1  5 r 5 10 km) are  present which 
a re  not  fragments o f  much l a r q e r  bodies, then i t  i s  conceiv- 
ab le  t h a t  some may have very low dens i t i es  ( p  <.: 2 q /cn3) .  
For example, f i n d i n g  a F 1 g/cm3 ob jec t  would no t  on l y  i n d i -  
ca te  t h a t  t h i s  i s  probably a p r i m i t i v e  ob jec t  but  would prov ide 
informat ion ?')out t he  acc re t i on  mechanism o f  small bodies. 
1 i ; I t  should be noted t h a t  sophisticated measurements could y i e l d  data on the mass d i s -  I ' . t r i b u t i o n  w i t h i n  the ob jec t .  I t  would be o f  i n t e r e s t ,  espec ia l l y  f o r  s r a l l  i r r e g u l a r  4 .  . f as te ru ids ,  t o  see whether the mass d i s t r i b u t i o n  i s  homogeneous ( i . e . ,  do the centers of ; f i g u r e  and o f  ntass co inc ide?) .  Large dens i ty  inhomogenei t i e s  i n  the case o f  a small,  i .  1 *- 
i i  i i r r e g u l a r  as te rc id  would i n d i c a t e  t h a t  i t  i s  a fragment of a l a rge r .  d i f f e r e n t i a t e d  ob- I + j ec t ,  o r  t h a t  i t  i s  an accre t iona l  composite. t . . 
Table 1. Dens i t ies  o f  Meteor i tes ( a f t e r  Wasson, 1974) 
P - 
Meteor i te  Type Densi ty (g/cm3) 
-------- - - 
Carbonaceous Chondri tes  
C I 
r ' 
* J ,  CO 
Ordinary Chondri tes  3.4 - 3.6 
Ensta t i  t e  Chondri tes  3.5 - 3.8 
Achondri t es  3.1 - 3.4 
Stony- I rons 
I rons 
SEARCH FOR SURFACE I NHOMOGENE 1 ' I ES 
High r e s o l u t i o n  imaging i s  needed t o  lcok  f o r  evidence o f  v a r i a t i o n  i n :  
1  . morphol oqy 
2. t e x t u r e  
3. composit ion 
4. age 
over the  sur face o f  an a s t e r o i d  a t  var ious scales.  Surface morphology can be charac ter -  
i zed  i n  terms o f  the types o f  sur face fea tures  v i s i b l e ;  d i f f e rences  i n  sur face tex tu re  can 
be determined by photometry; d i f f e rences  i n  sur face composi t ion can be searched f o r  by 
means o f  c o l o r  measurements; d i f f e rences  i n  age can be found from c r a t e r  counts. 
Such v a r i a t i o n s  cou ld  a r i s e  from i n t e r n a l  a c t i v i t y .  I t  i s  c l e a r l y  very in lportant  t o  
look f o r  evidence o f  i n t e r n a l  a c t i v i t y  on the surfaces o f  100-200 km as te ro ids  and t o  
study the  s t y l e  o f  t h i s  a c t i v i  t j  and deternl ine the t ime o f  i t s  occurrence. There i s  s t rong  
evidence t h a t  " lava f lows" have occurred on the burface o f   vest^ (Drake and Consolmagno, 
1977). b u t  a r e  the  surfaces o f  s n w l l e r  as te ro ids  t o t a l l y  devc i d  o f  any t races o f  i n t e r n a l  
a c t i v i t y ?  
Surface v a r i a t i o n s  coa ld  a l s o  a r i s e  from la rge  c r d t e r i n g  events and from spa1 l a t i o n  
( i . e . ,  knocking away a  s i g n i f i c a n t  f r s c t i o n  o f  .?n as te ro id  du r i ng  a  ca tas t roph i c  impact) .  
Current  p re jud i ce  holds t h a t  i n  the case o f  l a rge  as tero ids  such severe impacts were comnon 
on l y  du r i ng  the f i r s t  1  b i l l i d n  years o r  so o f  the s o l a r  system's h i s t o r y .  Thus, we 
shou ldn ' t  expect t o  see any evidence o f  " recent "  la rge-sca le  impacts on the surfaces o f  
as tero ids .  b u t  t h i s  i s  s t i l l  worth checkiny i n t o .  
Var ia t ions  i n  sur face co~ilposi t i o n  c r ~ u l d  a l s o  be evidence f g r  f ragnlentat ion from a  
l a rge  parent  body. F3r example i t  ~ o u l d  be o f  g rea t  i n t e r e s t  t o  d e f i n i t e l y  e s t a b l i s h  t h a t  
some 50 km a s t e r o i d  was once a  fraqment o f  a  much l a r g e r  pal-ent body. 
CHARACTERIZATION OF ASTEROID REGOLITHS 
Our present understand1 ng o f  how rego l  i ths a re  generated and maintained on small 
bodies i s  very poor. There i s  good evidence t h a t  as tero ids  as small a, 1  km i n  rad ius  
have some s o r t  o f  r e g o l i t h s ,  w h i l e  the two s a t e l l i t e s  o f  I.lars are  known t o  have r e 1  l- 
developed rego l  i ths even though the ob jec t s  are  on ly  some 10-20 kni across (c,.ti., Veverka, 
1978). The a b i l i t y  o f  a  body t o  r e t a i n  a  r e g o l i t h  should be p r i m a r i l y  a  f unc t i on  o f  sur -  
face g r a v i t y  dad hence o f  the  body's s i ze .  iiowever, l abo ra tc ry  exoer in~ents suggest t h a t  
the naCure o f  t h ~  :urface may a l so  p lay  an i r ,~pc r tan t  r o l e  i n  the evo lu t i on  o f  r e g o l i t h s  
(c.~. , Chapnlan, I:':cI!. Thus, an important  advance i n  our  understanding o f  r e g o l i t h s  w o l ~ l d  
occur i f  we cou ld  conipare the surface c h d r a c t ~ r i s t i c s  o f :  
1. Two as tero ids  o f  s i m i l a r  co~npos i t ion  b u t  o f  v a s t l y  d i f f e r e n t  
s ize .  For exan~ple, two S ob jec ts ,  one w i t h  a  rad ius  o f  5 km, 
the o the i  w i t h  a  rad ius  o f  50 km; 
2. A t  l e a s t  two as te ro ids  o f  comparable s i z e  ( a c t u a l l y  s i n i i l a r  q )  
b u t  o f  w ide ly  d i f f e r e n t  composit ion. For example. a  C ob jec t  
and an M ob jec t ;  o r  a  C o b j e c t  and an S ob jec t .  
The o n l y  s r l ~ l l  ob jec ts  f o r  which we have i i r e c t  i n f o r  t i o n  about the s:rrfaces are  
the two s d t e l l i t e s  o f  Mars. However, i t  has been arpued t h d t  the surtaces o f  these two 
bodies may n o t  be representa t ive  o f  those as tero ids  o f  s i n i i l a r  s i z e  s ince Phobos and Dei~r~os 
are i n  the p o t e n t i a l  w e l l  o f  Mars. Soter  (1972) has argued t h d t  t h i s  c i rcur l~stance helps 
the two nurt. ian s a t e l l i t e s  recdpture a s i q n i f i c a n t  f r a c t i o n  o f  the eject,\ thrown o f f  t h e i r  
surfaces by impacts. The i n v e s t i g a t i o n  of  a  s i n g l e  20 km C as te ro id  would reso lve * h i \  
i ssue once and fo r  a l l .  A second-order i n v e s t i g a t i o n  which would he lp  our  understanding 
of how r e g o l i t h s  a re  re ta ined  on small bodies would cons i s t  o f  comparing thz  surface 
p roper t i es  of two as tero ids  of s i m i l a r  s i z e  and composition, one o f  which i s  nea r l y  spher- 
i c a l  and has a  long r o t a t i o n  per iod,  wh i l e  the  o the r  i s  i r r e g u l a r  and has a  sho r t  r o t a t i o n  
per iod.  
A f i r s t  o rder  cha rac te r i za t i on  of reg01 i t h  p rope r t i es  can be obtained by means o f  
photometry and h igh  r e s o l u t i o n  images. Photometry w i l l  g i v e  i n fo rma t ion  on the texturc. 
of the surfqce and on the l a t e r a l  homogeneity o f  the r e g o l i t h .  High r e s o l u t i o n  images 
should r e v t ~ l  the  presence o r  absence o f  e j e c t a  blocks, f i l l i n g - i n  of  impact c ra te rs ,  and 
poss ib le  near-surface l aye r ing  exposed i n  c r a t e r  wa l l s .  From the morphology of  small 
c ra te rs  one should be able t o  determine the r e g o l i t h  th ickness as was done i n  the lunar  
context  by Quaide and Overbeck (1968). 
COMPARATIVE STUDY OF CRATERING YECHANICS 
The mechanics of  h igh  v e l o c i t y  impact c r a t e r i n g  a re  no t  p e r f e c t l y  understood. I t  
appears t h a t  g r a v i t y  e f f e c t s  have a  dominant i n f l uence  on c r a t e r  morphology (given a  cer-  
t a i n  impact energy) bu t  mechanical c h a r a c t e r i s t i c s  o f  the  ta rge t  ma te r ia l  a re  a l so  Impor- 
t an t .  Hartmann (1972) has proposed a  g r a v i t y  dependent c r a t e r  morphology sequence i n  
which c r a t e r  morphology scales e s s e n t i a l l y  as g - I .  Thus, f o r  example, Hartmann proposes- 
t h a t  cen t ra l  peaks w i l l  occur i n  c r a t e r s  10 times smal le r  on a  body ~ h c s e  g = 100 cm/secA 
than on the surface o f  one whose g = 10 cm/sec2. Other g r a v i t y  ef fects have been discussed 
by Gaul t e t  at .  (1975; i n  the case o f  Mercury and the  Moon: f o r  example, semicontinuous 
e jec ta  blankets should occur c lose r  to  the c r a t e r  r i m  if g i s  high. Comparative s tud ies  
of the c r a t e r  morphology on d i f f e r e n t  as tero ids  prov ide a  unique means o f  t e s t i n g  such 
g r a v i t y  sca l i ng  ideas, as we l l  a$ the poss ib le  impdrtance o f  the mechanical p roper t ies  o f  
the  ta rge t  mater ia l .  
I d e a l l y .  one would l i k e  t o  compare the  morphology o f  c ra te rs  (depth/diameter r a t i o ,  
diameter a t  which cen t ra l  peaks occur, ex tent  o f  e jec ta  blankets,  he igh t  o f  c r a t e r  ram- 
par ts ,  the occurrence and ex ten t  o f  ray systems) on: 
a. as tero ids  o f  siai i  l a r  surface g, bu t  very d i f f e r e n t  surface 
composit ion (e.g., a  C ob jec t  and an M ob jec t ) ;  
b. as tero ids  o f  s i m i l a r  composit ion ( e . g . ,  t'vo S o b j e c t s ]  b u t  
w i t h  very d i f f e r e n t  g ' s  (e.g., 20 cm/sec7, and 2 cm/sec2). 
Such experiments, espec ia l l y  when compared w i t h  previous r 2 s u l t s  on the l a r g e r  p lanets and 
on Phobos and Deimos would provide a  c r u c i a l  t e s t  of  our unaerstanding of  impact c ra te r i ng .  
CHARACTERIZATION OF NON-CRATER SURFACE FEATURES 
ON OBJECTS OF DIFFERENT COMPOSITIONS 
I n t e r e s t i n g  non-crater surface features almost c e r t d i n l y  occur on the surfaces of 
some asteru ids ,  and conta in  important  i n f o r n ~ a t i o n  about the evo lu t ionary  h i s t o r y  o f  these 
ob jec ts .  Three poss ib le  examples are: 
1. Lava f l ~ ~  on object8 w i t h  aclaondritic surfiaccs. The s t y l e .  
ex tent  and age 3 f  such f lows are o f  g rea t  i n t e r e s t ,  as i s  any 
evidence o f  the poss ib le  f l ood ing  o f  l a rge  c ra te rs .  
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2. Cr9ove patterns associated wi th l o g e  cRZt.8~8 on s m l t  C objects. 
I t  has been suggested t h a t  pat terns  of grooves s i m i l a r  t o  those 
found on Phobos may be comnon on the surfaces o f  many small,  
mechanically weak as tero ids  (Veverka e t  a t .  , 1977). Any e v i -  
dence o f  i n t e r n a l  mod i f i ca t i on  of  such grooves would be of  g rea t  
3. fhausuat surface features on M objects? I n  view o f  the  ma1 l e a b i  1 i t y  
and h igh  t e n s i l e  s t reng th  o f  n i cke l - i r on ,  one might expect some 
unusual morphology on the  surfaces o f  M objec ts ,  i f  they a re  t r u l y  
m e t a l l i c .  
CONCLUSIONS 
I 
ACKNOWLEDGMENTS 
, , 
: am g r a t e f u l  t o  Clark Chapman and Gene Shoemaker f o r  h e l p f u l  comments. The mater ia l  
i n  t h i s  paper i s  based on research supported by the V ik ing  P ro jec t  O f f i ce  and NASA Plane- 
t a r y  Geology Prograln under Grant NSG 7156. 
REFERENCES 
< ' I n  
I ,  
Veverka, J., Thomas, P., and Duxbury, T. (1977). The surface o f  Phobos: Sumnlary o f  l a t e s t  
Vik ing O r b i t e r  r e s u l t s  (abs t rac t ) .  Rull. Amer. Asfron. Soc. 9, 517-518. 
Wasson, J.  T. (1974). Meteorites. Springer, New 'fork. 
DISCUSSION 
MATSON: I s  measurement o f  dens i ty  the on l y  way t~ ge t  i n t e r n a l  ~ t r u c t u r e ?  
VEVERKA: Densi ty i s  t h e  on l y  p r a c t i c a l  way I see i n  t h e  next  20 years. I t  i s  much more 
d i f f i c u l t  t o  do a  seismic expel'iment. You have t o  l a r d  a  seismic net .  I don ' t  be- 
l i e v e  we can do t h a t  now. 
FANALE: You made a very o p t i m i s t i c  statement t h a t  we would f i n d  ou t  something about zonal 
s t r u c t u r e  from t rack ing .  
VEVERKA: It i s  a  d i f f i c u l t  t h i n g  t o  do and depends, i n  p a r t .  on being lucky.  
MORRISON: Could you p u t  the  mass determinat ion i n  a  l i t t l e  t,tter perspect ive  f o r  me? \ 
For ob jec ts  tne s i z e  o f  Ceres and Vesta, i t  i s  q u i t e  easy t o  determine mass by going 
i n t o  o r b i t .  But  f o r  a  k i lometer -s ize  comet nucleus, i t  i s  hard. Where does the 
crossover take p lace and how do you go about making accurate measurements fo r  small b 
bodies? 
VEVERKA: Fly impression i s  t h a t  f o r  a l l  rendezvous missions mass determinat ion i s  a  r e l a -  
t i v e l y  t r i v i a l  matter .  Nor am I suggesting t h a t  i n  the case of  Ceres i t  w i l l  be d i f -  
f i c u l t  t o  determine the volume. Most of  what I have Seen saying about the need t o  
measure volume accura te ly  r e a l l y  app l ies  t o  the smal ler  main b e l t  as tero ids  where i t  
i s  d i f f i c u l t  t o  determine the  volume because o f  t h e i r  i r r e g u l a r  shapes. 
ANDERS: Could you d i s t i n g u i s h  complex accre t ionary  s t ruc tu res  from those produced by 
l a t e r ,  very la rge-sca le  b r e c c i a t i o n  events caused by i n t e r  as te ro id  co l  1 i s i ons?  I 1 CHAPMAN: T h e r e i s a b i g d i f f e r e n c e i n t h e v e l o c i t y r e g i m e a t w h i c h t h e i m p a c t h a s t a k e n  I 
place. During acc re t i on  the v e l o c i t y  must have been much smal ler .  
SHOEMAKER: I n  the  contex t  o f  t h i s  meeting, I don ' t  know anything t h a t  we could l e a r n  
about accre t ionary  s t ruc tu res  w i t h  the o p t i c a l  reso lu t i ons  tha t  have been discussed 
here. I am convinced t h a t  i f  you cou ld  r e a l l y  i nves t i ga te  a  small body w i t h  the same 
techniques used i n  manned lunar  missions, i t  would be e x t r a o r d i n a r i  l p  i n t e r e s t i n g .  
Many questions cou ld  be addressed. You cou ld  take a  proper sample and images w i t h  a  
wide range of  scales which would enable us t o  address t h e  quest ion  o f  accre t ionary  
s t ruc tures .  R igh t  now I c a n ' t  g i ve  you any o f  the d e f i n i t i v e  c r i t e r i a ,  but  I have a  
hunch t h a t  i n t e r e s t i n g  s t ruc tu res  a t  the  scales o f  tens of centimeters, meters, and d 
tens of  meters are  there  t o  be found. 
I .  
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